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ARTICLE INFO ABSTRACT

Keywords: Forest conversion toward climate-resilient non-native tree species is increasingly promoted in temperate Europe,
Bird activity yet biodiversity responses outside the main growing season remain poorly studied. In particular, winter condi-
Douglas fir

tions may constrain the biodiversity of forest organisms through reduced resource availability and harsh
microclimate conditions, potentially amplifying effects of tree species composition on habitat use and community
composition.

Here, we investigated how winter bird communities respond to forest stand composition by comparing pure
and mixed stands of European beech, Norway spruce, and non-native Douglas fir across 38 forest plots in
northwest Germany. Using passive acoustic monitoring, we quantified bird taxonomic and functional diversity
from 4476 h of recordings comprising 1,816,452 total detections.

Beech-Douglas fir mixtures generally supported lower activity days, taxonomic, and functional diversity than
native monocultures. Bird community composition differed consistently among stand types, with pronounced
contrasts between beech- and conifer-dominated stands. In addition to stand composition, winter bird activity
and diversity were strongly modulated by microclimatic conditions and vertical forest structure.

Our results, compared to previous studies conducted during the growing season, clearly show that the effects
of non-native Douglas fir on biodiversity under extreme environmental conditions, i.e., in winter, cannot be
deduced from findings in the summer season. Therefore, focusing solely on the main growing season carries the
risk of incomplete conclusions about the consequences of forest conversion with non-native tree species for the
activity and diversity of forest-associated organisms.

Functional diversity

Mixed forests

Non-native tree species
Passive acoustic monitoring
Winter

ecosystem functioning remain uncertain, particularly when adaptation
involves non-native tree species.

1. Introduction

Balancing timber production with environmental protection remains
a major challenge (Gustafsson et al., 2020), as land-use intensification,
resource exploitation, and climate change continue to drive biodiversity
loss and undermine ecosystem stability (Hald-Mortensen, 2023).
Climate-adaptive forestry addresses these pressures by promoting tree
species and forest stand compositions that maintain productivity while
increasing tolerance to drought and climatic stress (Temperli et al.,
2012). Yet, the consequences of such strategies for biodiversity and
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In temperate Europe, a prominent adaptation strategy is to replace or
complement Norway spruce (Picea abies (L.) H. Karst.) with non-native
Douglas fir (Pseudotsuga mengziesii (Mirbel) Franco) (Nicolescu et al.,
2023). While Norway spruce is increasingly vulnerable to drought and
bark beetle outbreaks outside its natural range (Lof et al., 2023),
Douglas fir is valued for its relatively high drought tolerance and pro-
ductivity (Thomas et al., 2022). Although its cover in Germany is
currently relatively small (261,000 ha; 2.4%; BMEL, 2024), it reaches
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higher regional shares in some federal states (e.g., 7% in
Rheinland-Pfalz; Landesforsten Rheinland-Pfalz, 2024; 4.3% in Hessen;
PEFC Hessen, 2025), reflecting its growing role in climate-adaptive
forestry. However, empirical evidence on its ecological consequences
in European forests remains limited, with negative effects on biodiver-
sity and ecosystem functioning relative to native tree species reported in
some (Finch and Szumelda, 2007; Schuldt et al., 2022; Tallamy et al.,
2021) but not all studies (Graf et al., 2025). To mitigate potentially
negative ecological effects, its use is often recommended in mixtures
with native species such as European beech (Fagus sylvatica L.), with
admixture commonly limited to around 20% (FSC Deutschland, 2025),
rather than in monocultures (Thurm and Pretzsch, 2016; Wildermuth
et al., 2023). Mixed forest stands can increase the taxonomic and func-
tional diversity of forest-associated organisms (Messier et al., 2022) and
may outperform mosaics of monocultures at larger spatial scales in
supporting regional species diversity (Schuldt et al., 2022) through
higher species turnover between local communities (Leidinger et al.,
2021). However, these benefits depend strongly on tree identity, as
species differ in structural properties, resource supply, and their effects
on the forest microclimate (Diaz-Calafat et al., 2023; Kovacs et al., 2017;
Renner et al., 2012). Because these forest features vary across the year,
forest stand type effects on biodiversity may differ between seasons,
with consequences for community composition and activity of
forest-associated organisms (Michielsen et al., 2024).

Winter in temperate forests represents a distinct ecological context
from the main growing or breeding season and can intensify environ-
mental filtering: food availability declines, thermoregulatory costs in-
crease, and energetic constraints can shape short-term survival with
carry-over effects on subsequent reproduction success (Ingle et al.,
2020; Robb et al., 2008). Birds are well suited for investigating such
season-dependent responses because of their well-documented pheno-
logical patterns and sensitivity to environmental variation (Kawamura
et al., 2019). Temperate-forest winter assemblages differ substantially
from breeding communities, with seasonal redistribution of migrants
and shifts in habitat use by resident species (Felgentreff et al., 2026;
Michielsen et al., 2024). During the breeding season, bird species rich-
ness and abundance generally increase with the proportion of deciduous
trees (Felton et al., 2021), whereas Douglas fir monocultures tend to
support fewer species and individuals (Schuldt et al., 2022). Winter bird
communities are comparatively understudied, despite evidence for
seasonal shifts in species-habitat associations (Yabuhara et al., 2019),
partly because detectability and vocal activity decline outside the
breeding season, complicating standardized surveys (Ralph et al., 1995).
Passive acoustic monitoring (PAM) with automated sound recorders can
help address this limitation by enabling standardized, non-invasive
sampling over extended periods (Darras et al., 2019; Knight et al.,
2025; Shaw et al., 2021). Outside the breeding season, reduced terri-
toriality and increased mobility may also weaken associations with
specific stand types, and habitat use may become more responsive to
local resource availability and shelter conditions (Lenz et al., 2015).

In winter, stand composition can influence resident bird activity by
altering both energy intake (e.g., food availability) and energy expen-
diture (e.g., thermoregulatory costs; Carrascal et al., 2012). Broadleaved
stands can provide energy-rich mast (Renner et al, 2012) and
sun-exposed microhabitats after leaf fall (Carr and Lima, 2014;
Villén-Pérez et al., 2014), whereas evergreen conifer canopies may
reduce heat loss under cold and windy conditions (Diaz-Calafat et al.,
2023). Tree species may also differ in their availability of winter
arthropod prey, with previous work reporting lower canopy arthropod
densities in Douglas fir than in Norway spruce (Gossner and Utschick,
2004). Mixed stands may moderate winter energetic constraints by
providing complementary food and shelter resources at fine spatial
scales (Catfolis et al., 2023; Messier et al., 2022). This may be particu-
larly evident when going beyond taxonomic diversity. Functional
diversity—the range of traits influencing resource use, energy flow, and
community resilience—can provide deeper insight into ecosystem
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functioning and stability (Petchey and Gaston, 2006). Trait-based ap-
proaches may be especially informative in winter, when cold conditions
and food limitation can favor specific trait combinations related to diet,
body size, and foraging strategies (Biihler et al., 2023; Wilman et al.,
2014). As arthropods become scarce, many birds rely more on
plant-based foods and adjust foraging behavior and substrates, poten-
tially constraining guilds with limited dietary flexibility, such as
specialist insectivores (Renner et al., 2012).

Here, we investigated how winter bird activity, diversity, and com-
munity composition vary with tree-species composition in 38 forest
plots across eight sites in northwest Germany. We compared mono-
cultures and mixtures of Douglas fir (non-native), Norway spruce (native
but planted outside its natural range), and European beech (native).
Using PAM, we assessed both taxonomic (TD) and functional diversity
(FD) continuously over three winter months, from December to
February. We hypothesized that (i) stand-type differences in winter TD
are overall weak, reflecting reduced territoriality and more flexible
space use during this season; (ii) winter bird activity days and FD still
differ among stand types, with Douglas fir monocultures under-
performing compared to the other stand types and mixtures out-
performing the corresponding conifer monoculture due to
complementary resource supply; (iii) positive mixture effects become
more pronounced from the local (plot) to the landscape (regional)
spatial scale through greater species turnover among plots compared to
monocultures; and (iv) local stand-type differences in bird species
composition are only weakly pronounced because many birds form
mobile flocks to track variable food and shelter across multiple stand

types.

2. Materials and methods
2.1. Study design and study area

The study was conducted at eight study sites distributed across Lower
Saxony, Germany (Fig. 1). The region has a temperate climate with a
mean winter temperature of 2.6 °C and mean winter precipitation of
196 mm (1996-2025; German Weather Service, 2025). Each study site
comprised five plots representing different stand types: (1) pure Douglas
fir (stand age range: 48-76 years), (2) mixture of European beech and
Douglas fir (stand age range: 66-133 years), (3) pure European beech
(stand age range: 84-136 years), (4) mixture of European beech and
Norway spruce (stand age range: 73-128 years), and (5) pure Norway
spruce (stand age range: 60-117 years). Two plots at site 1, located in
the Harz National Park, were excluded due to forest dieback, resulting in
a total of 38 plots (Fig. 1). Plots covered an area of 2500 m2, with a mean
distance between plots within a study site of 1524 m (£1016 m SD).

2.2. Bird survey and data processing

Birds were surveyed using automated sound recorders (AudioMoth
v1.1.0; Hill et al., 2018) from mid-November 2024 to the end of
February 2025. One recorder was mounted per plot at the plot center,
1.5m above ground on an unobstructed trunk (>2 m radius clearance),
facing east. Recorders sampled for 30 s every 10 min, both day and night
(32kHz; medium gain), following high-temporal-resolution PAM pro-
tocols (Singer et al., 2026).

Audio files were first processed with BirdNET v2.4 (Kahl et al., 2021)
to detect and classify vocalizations to species level. We used a 2 s overlap
to optimize the detection of single calls in winter (Pérez-Granados et al.,
2025) and deactivated the eBird filter to avoid unverified exclusions of
species (Sullivan et al., 2009). Species not expected to occur within the
study sites during the winter, based on distribution range, migratory
status, or habitat preferences, were excluded (Bauer et al., 2005),
resulting in 74 species. To minimize false positives, we applied
species-specific confidence score thresholds derived from manual vali-
dation of a stratified random sample of detections (10 detections per
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Fig. 1. Location of the study sites (on the left) and plots (on the right) in Lower Saxony, Germany. The inset map (upper left) shows the outline of Germany with the
location of Lower Saxony highlighted. National and nature parks are displayed on the left, and forest and land-use type on the right. The first number of the plot label
indicates the site, and the second number represents the stand type illustrated by different symbols. The map is based on DTK25 (LGLN, 2023), Basis-DLM (LGLN,

2023), VG250 (BKG, 2023), and Nationalparks and Natureparks (NLWKN, 2024).

species per 0.1 class of confidence scores; Singer et al., 2024) and logistic
regression models (Wood and Kahl, 2024). Thresholds were selected
based on both probability estimates and precision values, aiming to
maximize reliability while retaining sufficient data. For species with
limited sample sizes, lower thresholds were accepted when detections
were confirmed on at least five days. Following Pérez-Granados et al.
(2025), thresholds corresponding to predicted probabilities < 0.5 were
excluded to ensure robustness in community-level analyses. Full vali-
dation and thresholding procedures are described in Supplementary
Material.

For activity days, modelling and community composition analysis,
we excluded three plots (two Douglas fir stands and one beech stand)
because recording gaps exceeded 15 consecutive days, indicating
insufficient and non-comparable sampling effort (Fig. S1). For TD and
FD analysis, one Douglas fir plot was excluded due to markedly lower
sample coverage (SC=0.90) relative to the other plots (average
SC =0.99), to ensure robust and comparable diversity estimates across
stand types.

2.3. Functional traits

For the assessment of functional diversity, we included body mass as
a proxy for individual energy demand, bill length and diet (carnivore,
granivore, insectivore, and omnivore) as proxies for food choice and
resource type utilization, migratory status for permanent and temporal

local habitat use, and feeding stratum for vertical habitat use (Bregman
et al., 2016; Schuldt et al., 2022; Table S1). A species was considered
migratory if its breeding range did not overlap with the study sites.
Functional trait data were obtained from Bauer et al. (2005) , del Del-
gado and Penteriani (2004), Renner and van Hoesel (2017), and Schu-
bert (1997). Feeding stratum use (percentages across strata) was
extracted from Wilman et al. (2014) and condensed into a mean foraging
height index. We grouped strata into ground, mid-story
(understory + mid-height), and canopy (canopy + aerial), assigned
scores 1-3, and calculated a weighted mean as (1 x %ground + 2 X
Yomid-story + 3 X Ycanopy)/100.

2.4. Environmental variables

To assess the influence of environmental and structural plot char-
acteristics on bird diversity, we measured 20 variables based on their
known importance for bird assemblages (Basile et al., 2021; Carrascal
et al., 2012; Shaw et al., 2024): latitude, altitude, mean stand age, mean
tree diameter at breast height (DBH), variability in tree diameter
calculated as the coefficient of variation (CV), mean, maximum, mini-
mum, and CV of temperature and relative humidity during the sampling
period, box dimension, mean and CV of effective number of layers
(ENLgjm = 0, ENLgjm = 1, ENLgiy, = 2), mean and CV of the vertical dis-
tribution ratio (VDR), mean and CV of canopy height, canopy cover,
taxonomic tree neighborhood diversity (NDiv), deadwood, and the
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proportions of beech, Douglas fir, and Norway spruce, as well as total
forested area within a 400-m radius around the plot. For more detailed
information about the environmental and forest structure variables
used, see Table S2.

2.5. Statistical analysis

All statistical analyses were performed in R version 4.3.2 (R Core
Team, 2023). To reduce bias from highly vocalising species, detections
were aggregated to daily occurrence (i.e., activity days: each species
counted at most once per day per plot; Symes et al., 2022). TD and FD
were estimated with iNEXT.3D (Chao et al., 2021) at the local (plot)
scale and at the landscape (regional) scale by pooling plots of the same
stand type across sites. This approach implemented a unified framework
for diversity estimation based on Hill numbers (Hill, 1973) and quan-
tifies TD as the effective number of equally abundant species, and FD as
the effective number of equally distinct functional groups. The order q
controls sensitivity to relative abundances: g = 0 corresponds to species,
and functional group richness (with focus on rare species), g=1 to
exponential Shannon diversity (with focus on common species), and
g = 2 to inverse Simpson diversity (with focus on dominant species). To
ensure comparability across samples, we standardized all diversity es-
timates to a sample coverage equal to the minimum coverage at double
sample size (i.e., 98%; Chao et al., 2014). Functional diversity was
computed from a Gower trait distance matrix (Gower, 1971) using the
five traits described above (vegan package; Oksanen et al., 2025). We
tested for correlations between the Hill numbers to assess redundancy
among the different diversity indices using Pearson’s correlation test.
Plot-level TD and FD for Hill numbers ¢=1 and q=2 were highly
correlated (r = 0.99), therefore TD and FD for g = 2 were excluded from
further analysis (Table S4). Lastly, we quantified activity days, and
species richness for each feeding guild using functions from the vegan
package (Oksanen et al., 2025).

We modelled bird activity days, TD and FD, and feeding-guild-
specific activity days and species richness as separate response vari-
ables using linear mixed-effects models (Ime function from nlme pack-
age; Pinheiro et al.,, 2025) in a two-step modelling approach to
independently assess the influence of stand type (stand type as fixed
effect), and environmental and forest structural variables together with
location (a factor discriminating northern vs southern sites) as fixed
effects. To minimize multicollinearity, we screened Pearson correlations
(Fig. S2) and computed variance inflation factors (VIFs) of the initial
models (car package; Fox and Weisberg, 2019), and removed correlated
variables with VIF > 3.5 (Dormann et al., 2013), such that the initial
models contained mean age, mean temperature, box dimension, effec-
tive number of layers (ENLgiy, = 2), canopy cover, tree neighborhood
diversity (NDiv), deadwood, forest cover (400 m radius), and European
beech and Douglas fir proportions (400 m radius) as predictors. We used
the Akaike information criterion corrected for small sample sizes (AICc)
(Burnham et al., 2011) under maximum-likelihood estimation (MLE).
For the final model fitting, restricted maximum-likelihood (REML) was
used to obtain unbiased estimates of variance components. Pairwise
differences among stand types were assessed with Tukey honestly sig-
nificant difference (HSD) post-hoc tests using Holm correction for
multiple comparisons (Hothorn et al., 2008). To account for spatial
autocorrelation, all models included study plot nested within study site
as a random effect. We visually checked the model residuals for homo-
scedasticity and normality. We also tested whether plot-level environ-
mental characteristics differed among stand types using linear
mixed-effects models, with each plot characteristic as the response
variable, stand type as a fixed effect, and site included as a random
intercept. Pairwise differences among stand types were evaluated with
Tukey post hoc comparisons, applying a Holm correction for multiple
testing.

To test whether FD differed from expectations given TD, we
compared observed FD with values from 999 randomized communities
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generated under Hardy’s (2008) 1s null model and calculated stan-
dardized effect sizes (FD.ses; Gotelli and Rohde, 2002) as SES = (Val-
U€obs — HUnull)/Onull, Where Valueyys is the observed FD, and ppy and onyun
are the mean and standard deviation of the corresponding null model
distribution.

To estimate bird TD and FD at the landscape scale, we applied an
incidence frequency-based rarefaction and extrapolation approach using
the iNEXT.3D package (Chao et al., 2021). To compare gamma diversity
between monocultures and mixtures, we pooled the data of three pure
stand types and two mixed stand types, respectively, and repeated the
same analysis for this aggregated dataset. Significant differences in
extrapolated diversity estimates were inferred by non-overlapping 95%
confidence intervals, following Schenker and Gentleman (2001).

Community composition was analysed using two-dimensional
nonmetric multidimensional scaling (NMDS) ordination based on rela-
tive activity days and Morisita-Horn dissimilarity (vegan; Oksanen et al.,
2025). Differences among stand types were tested with PERMANOVA
(999 permutations), followed by pairwiseAdonis2 for post hoc com-
parisons (Martinez Arbizu, 2020). Homogeneity of multivariate disper-
sion was tested using the betadisper function (vegan; Oksanen et al.,
2025). Environmental variables were fitted post hoc using envfit, and
predictor effects were quantified using distance-based redundancy
analysis (dbRDA) based on Horn distances. Variables were screened for
collinearity (VIF < 3.9) prior to analysis, and backward stepwise model
selection was performed using the “dbrda” and “ordistep” functions
(vegan; Oksanen et al., 2025).

To assess whether the results on activity, diversity, and species
composition were disproportionately influenced by the most acousti-
cally active taxon, we conducted a sensitivity analysis excluding Regulus
sp. detections.

3. Results

Over the entire survey period, we recorded a total of 537,114 audio
files (4476h) and identified 1,816,452 detections belonging to 241
species. After filtering for species present in winter in Germany, a list of
74 species was selected. During the threshold modelling and selection
steps, another 35 species were excluded due to an insufficient number of
true positives (<5; 27 species) or because the distribution of the de-
tections along the confidence score range precluded the selection of a
threshold (8 species), resulting in a reduced set of 39 species comprising
98,684 detections (Table S3). Detections assigned to Regulus sp. included
Common Firecrest (Regulus ignicapilla) and Goldcrest (Regulus regulus),
and Corvus cornix detections were added to Corvus corone, whose calls
are difficult to distinguish reliably, resulting in a final set of 37 species.
With 41,438 detections, Regulus sp. represented the most abundant
taxon and accounted for approximately 42% of all detections included in
the analysis. Parus major and Dendrocopos major were the second and
third most active species, with 9032 (9%) and 7769 (8%) detections
respectively.

3.1. Bird activity and diversity at plot scale

Vocal activity differed among stand types (F423=5.30, p <0.05;
Fig. 2a and Table S5), with significantly higher values in beech and
beech-Norway spruce mixtures compared to beech-Douglas fir mixtures
(beech vs beech-Douglas: estimated difference + SE =380.7 +103,
beech vs. beech-Douglas fir: estimated difference + SE =403.5 + 104,
p < 0.005; Fig. 2a). Stand types did not differ significantly in TD for g =0
(F425=2.47, p=0.07; Fig. 2b). For ¢=1, the effective number of
common species was higher in beech-Norway spruce mixtures than
beech-Douglas fir mixtures (estimated difference + SE =3.74+1.27,
p < 0.05; Fig. 2¢). Functional diversity did not differ among stand types
for ¢ =0 (F425 =2.04, p=0.1; Fig. 2d). For q =1, FD differed margin-
ally among stand types (F4 25 = 2.74, p =0.05; Fig. 2e and Table S6).
Analyses based on standardized effect sizes of FD (FD.ses) relative to the



S. Piccini et al.

Forest Ecosystems 17 (2026) 100519

S = Norway spruce

(a) (b) (c)
1250 @ a b b ab 30/ a a a a a ab a ab b ab
S, 1000 204
g 527 =
> 750 n n
= = =16
© 500 ] [a]
< = 241 =
250 121
D BD B BS S 211
(d) (e)
Stand types a a a a 5] a a a a a
D = Douglas fir
BD = Beech-Douglas ? :‘f
B = European beech L 34‘
(] [a]
BS = Beech-Spruce L5 L

D BD B BS S

D BD B BS S

Fig. 2. Bird activity and diversity metrics calculated at the plot level (n = 35 for activity days; n = 37 for TD and FD). (a) Metrics include activity days, taxonomic
richness for (b) ¢ =0, and (¢) g =1, functional richness for (d) g =0, and (e) g = 1. Letters above violins indicate significant differences based on linear mixed-effects
models followed by post-hoc pairwise comparisons (p < 0.05). Coloured areas reflect the data distribution. Black lines are the mean values per plot.

null model yielded qualitatively similar results across stand types,
although the standardized effects were generally weaker (Fig. S3).

Carnivorous and granivorous birds showed significant differences
among stand types in both activity days and richness (Fig. 3a—d and
Table S7). In particular, activity days of carnivores and granivores were
higher in beech (carnivores estimated difference+SE =40.6+9.75,
p<0.001; granivores estimated difference +SE=132+40.2,
p=0.009) and beech-Norway spruce (carnivores estimated differ-
ence + SE=35.6 £9.76, p=0.002; granivores estimated differ-
ence + SE=162+40.3, p<0.001) stands than in beech-Douglas fir
mixtures (Fig. 3a and c). Carnivorous species richness was higher in
beech stands (estimated difference + SE = 1.3 + 0.45, p = 0.03; Fig. 3b),
and granivorous species richness in beech (estimated differ-
ence + SE =2.04 £ 0.64, p = 0.01) and beech-Norway spruce (estimated
difference + SE = 1.9 + 0.64, p = 0.03) stands than in beech-Douglas fir
mixtures (Fig. 3d and Table S7). Insectivorous bird activity days showed
marginally significant differences among stand types (Fig. 3e;
F423=2.48, p=0.07), but species richness was significantly lower in
beech-Douglas fir mixtures than in the other stand types (Fig. 3f and
Table S7). Omnivorous activity days were significantly higher in beech
monocultures and beech-Norway spruce mixtures compared to Douglas
fir monocultures (B vs. D: estimated difference + SE=171+56.2,
p=0.02; BS vs. D: estimated difference + SE =155+ 55.4, p=0.03)
and beech-Douglas fir mixtures (B vs. BD: estimated
difference + SE =187 + 51.5, p = 0.003; BS vs. BD: estimated difference
+ SE=171+51.6, p=0.007; Fig. 3g), whereas omnivorous species
richness differed weakly among forest stands (Fs23=2.28, p=0.09;
Fig. 3h and Table S8).

3.2. Effects of forest structure and environment on bird activity and
diversity

Bird activity and diversity metrics were associated with several
forest-structure and environmental variables (Fig. 4 and Table S9). Mean

temperature was positively associated with all diversity metrics, with
estimated slopes ranging from 0.22+0.11 for FD at qg=0 to
234.37 +73.75 for activity days (Fig. 4 and Table S9). By contrast, tree-
neighborhood diversity was negatively associated with TD and FD, with
estimated slopes ranging from —0.87 4+ 0.39 to —5.76 + 2.41 (Fig. 4 and
Table S9). For TD at ¢=1, canopy cover had a negative association
(estimate 4+ SE = —46.61 £ 15.79), whereas the effective number of
layers (ENLgiy = 2; estimate + SE = 2.05 4+ 0.81) and beech cover within
a 400 m radius around the plot (estimate + SE = 1.62 + 0.53) had posi-
tive associations. Functional diversity at g=1 increased with the
effective number of layers (estimate + SE = 0.35 4+ 0.15) and showed a
weak  negative  association with box  dimension  (esti-
mate + SE = —3.82 £ 1.89, p = 0.055; Fig. 4).

Forest structure and environmental characteristics were in part
related to stand type. Tree neighborhood diversity differed significantly
among stand types, with mixtures showing the highest values and beech
monocultures the lowest (Table S10). Stand age was significantly higher
in beech and both mixtures than in Douglas fir stands. Canopy cover also
differed among stand types, with Norway spruce stands showing lower
canopy cover than the other stands (Table S10). European beech cover
within a 400-m of the plot was highest around beech-Norway spruce
mixtures and beech monocultures and lowest around Douglas fir and
Norway spruce monocultures. Of the environmental and forest-structure
variables tested, mean temperature, effective number of layers, and box
dimension did not differ significantly among the five stand types
(Table S10).

3.3. Bird diversity at landscape scale

Species rarefaction and extrapolation curves at the landscape scale
(pooled across plots and sites) indicated broadly similar TD among stand
types and between monocultures and mixtures for species richness
(g =0) (Fig. 5a and S4a). By contrast, FD at ¢ =0 showed clearer sep-
aration among stand types (Fig. 5d). In particular, FD at g = 0 was lowest
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Box dimension -

Effective number of layers (dim = 2) -
Canopy cover -
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European beech (400 m radius) -
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Fig. 4. Relationships between environmental vari-
ables and bird activity days and diversity metrics
derived from linear mixed-effects models. Plot was
nested within site as a random effect, and non-
collinear environmental covariates were included as
fixed effects. Cells show standardized fixed-effect es-
timates for each scaled predictor (rows) across bird
diversity metrics (columns). Colours indicate direc-
tion  (green=positive,  red/orange = negative);
shading indicates significance (dark: p < 0.05; light:
P <0.10). Cells labelled n. r. indicate predictors not
retained in the final (AICc-selected) model.

Effect [l + (p<0.05) +(p<0.10) [l - (p<0.05) —(p<0.10) n.r.
in stand types with Douglas fir, especially in beech-Douglas fir mixtures dimensions. For TD, common species (g=1) and dominant species
(Fig. S5d). When giving more weight to abundant taxa, diversity pat- (q = 2) were consistently lower in beech-Douglas fir mixtures than in the
terns diverged among stand types for both taxonomic and functional other stand types (Fig. 5b and c), and Douglas fir monocultures also
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showed lower dominant species (g = 2) diversity compared to the other
stand types (Fig. 5c). Functional diversity exhibited broadly similar
patterns, but with a clearly higher FD for g=1 and ¢=2 in beech-
Norway spruce mixtures and beech monocultures than the other
stands (Fig. 5e and f). Moreover, Norway spruce monocultures showed
higher common and dominant species richness compared to Douglas fir
monocultures (Fig. 5b and c). Finally, when pooling stand types into
monocultures versus mixtures, extrapolated gamma diversity was
higher for monocultures than mixtures for both TD and FD at ¢ =1 and
q =2 (Fig. S4).

3.4. Community composition

Bird community composition differed among stand types based on
relative activity days (Fig. 6; PERMANOVA, F4 39 = 3.037, R?>=0.288,
p =0.009). Pairwise PERMANOVA indicated differences between beech
monocultures and both Douglas fir and Norway spruce monocultures, as
well as between beech-Norway spruce and beech-Douglas fir mixtures
(Table S11). In the NMDS ordination, conifer monocultures clustered
and remained largely separated from beech and beech-Norway spruce
stands. Beech-Douglas fir mixtures occupied an intermediate position
(Fig. 6). The dbRDA ordination confirmed this differentiation (Fig. S6
and Table S13). Species positioned closer to conifer monocultures
included Glaucidium passerinum, Lophophanes cristatus, and Poecile mon-
tanus, whereas Sitta europea, Poecile palustris, Coccothraustes cocco-
thraustes, and Cyanistes caeruleus were positioned closer to beech stands
(Fig. S5).

Backward stepwise selection retained five environmental predictors
in the dbRDA model, which together explained 50.6% of the variation in
bird community composition (adjusted R?>=0.41 ;5 Fs97=>5.54,
p<0.001). All retained predictors had significant marginal effects
(Table S13). Mean temperature showed the largest marginal contribu-
tion to total community variation (10.7%; F; 27 = 5.86, p=0.010), fol-
lowed by Douglas fir cover within a 400-m around the plot (8.2%;
F127=4.50, p=0.017), mean tree diameter (7.3%; F;27=3.99,
p =0.034), Norway spruce cover within a 400 m around the plot (7.0%;

q =0 (Richness)

q =1 (Common diversity)
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standard deviation of stand type point scores. Grey dots represent species. Filled
symbols represent the study plots and stand types. Environmental variables
were fitted post hoc and show significant correlations with axes scores (see
Table S12 for details).

F127=3.82, p=0.032), and variation in tree diameter (6.2%;
F127=3.41, p=0.040). The dbRDA patterns confirmed the NMDS
ordination, revealing that community differences among stand types
covaried with tree species composition at the landscape scale as well as
with forest structure and microclimate characteristics (Tables S12 and
$13).

The sensitivity analyses excluding Regulus sp. produced qualitatively
similar results for all response variables (Fig. S7-S9), except for
landscape-scale taxonomic diversity, for which the negative association
with Douglas fir cover was no longer evident (Fig. S8).

4. Discussion
This study provides the first comprehensive assessment of winter

bird responses to forest conversion and mixing strategies involving non-
native Douglas fir in temperate Europe, combining PAM with coverage-
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standardized estimates of TD and FD. Comparisons with breeding-
season patterns from the same study sites (Schuldt et al., 2022) sug-
gested that conclusions drawn from summer can only be partially
applied to winter. During the breeding season, beech and mixed stands
generally support greater bird diversity than conifer monocultures,
particularly pure non-native stands (Felton et al., 2021; Hanzelka and
Reif, 2016; Schuldt et al., 2022). In contrast, we found that no clear
evidence of differences in plot-scale TD at ¢ =0 among stand types, in
line with the prediction of our first hypothesis. This seasonal contrast
may reflect differences in bird ecology between the breeding and winter
periods (Michielsen et al., 2024). Seasonal species turnover via migra-
tion may have further contributed to these differences (Felgentreff et al.,
2026). Migratory species associated with deciduous forests (e.g., Phyl-
loscopus collybita, Sylvia atricapilla, Phylloscopus sibilatrix) are largely
absent in winter, while resident conifer-associated species (e.g., Regulus
sp., Periparus ater) persist (Barbe et al., 2018; Bauer et al., 2005; Schuldt
et al., 2022), potentially reducing TD contrasts among stand types.

Clearer contrasts among stand types emerged in activity days,
although support for our second hypothesis was limited. Plot-level FD
responses were weaker than expected, with stronger stand-type differ-
ences emerging at the landscape scale and in the feeding guild analysis.
The increased mobility of birds (often in flocks) in winter can blur local-
scale differences in TD and FD, while stand-specific conditions can still
affect activity day levels and the relative contribution of common spe-
cies (g =1), potentially through variation in food accessibility (Renner
et al., 2012), solar radiation availability (Villén-Pérez et al., 2014), or
perceived predation risk (Carr and Lima, 2014). Importantly, some
winter-summer differences may also reflect methodological contrasts
between studies (Schuldt et al., 2022; point-count abundances in sum-
mer vs. PAM-derived indices in winter, and different diversity metrics).

Across these responses, a central result was the scale dependence of
stand-type effects on winter bird diversity. Differences in TD and FD,
particularly the lower values associated with stands containing Douglas
fir, became more evident from plot to landscape scale, where diversity
accumulates through between-plot differences (Socolar et al., 2016).
This supports our third hypothesis and highlights that biodiversity dif-
ferences associated with stands containing Douglas fir may be under-
estimated if judged only from a local plot perspective. Pooled mixtures
outperformed pooled monocultures in summer (Schuldt et al., 2022),
whereas monocultures performed slightly better in winter, except for
beech-Norway spruce mixtures, which showed higher gamma FD than
the corresponding monocultures. Mixture outcomes therefore depended
on tree-species identity rather than mixture status alone (Pedley et al.,
2019; Schuldt et al., 2022; Vélova et al., 2021). Tree-species composi-
tion in the surrounding landscape was also associated with bird diversity
and community composition. Indeed, beech cover within 400 m was
positively associated with TD, whereas Douglas fir and Norway spruce
cover contributed to variation in community composition. Winter bird
responses thus reflected not only local stand identity but also the sur-
rounding forest mosaic (Baeten et al., 2019; Basile et al., 2021).

This interaction between local stand identity and landscape context
was particularly apparent in beech-Douglas fir mixtures, which sup-
ported comparatively low activity days, TD, and FD at both plot and
landscape scales. Their bird communities were also more similar to
those in pure Douglas fir than to those in pure beech stands, indicating
that Douglas fir retained community characteristics associated with
Douglas fir monocultures potentially through a strong influence on
habitat conditions. Previous studies found that beech-Douglas fir mix-
tures can enhance Douglas fir growth performance relative to pure
stands (Thurm and Pretzsch, 2016), and that Douglas fir can overtop
beech in mixtures, increasing height stratification (Thurm and Pretzsch,
2016), and altering crown arrangement and microclimatic conditions
(Barmann et al., 2023). Canopy cover (except in Norway spruce
monocultures), vertical structural complexity, and microclimatic con-
ditions were similar among stand types in our study and therefore did
not explain the observed patterns. Beech-Douglas fir mixtures were also
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older than Douglas fir monocultures, excluding younger age as an
explanation. Because we did not quantify food resources or fine-scale
microhabitats, we could not determine whether these local habitat
conditions contributed to the observed responses. The low diversity of
beech-Douglas fir mixtures may therefore reflect their occurrence within
conifer-dominated surroundings, which could limit the potential biodi-
versity benefits of the local beech admixture (Basile et al., 2021; Renner
et al., 2012; Vélova et al., 2021).

Functional diversity was particularly responsive at the landscape
scale. Stand types containing Douglas fir supported the lowest effective
number of functional groups while TD differences were comparatively
smaller for g =0, suggesting that rare functional strategies, or combi-
nations of traits, are less consistently represented in Douglas fir-
dominated landscapes, even if local communities are still character-
ized by similar numbers of species (Biihler et al., 2023). Thus, functional
redundancy at the plot scale may buffer FD differences among stand
types, but repeated losses across the landscape can reduce communities’
functional insurance and resilience (Biggs et al., 2020). Feeding-guild
analyses similarly revealed stand-type differences in several activity
and richness responses, with beech and beech-Norway spruce stands
often supporting higher activity days and species richness than the other
stand types (Gossner and Utschick, 2004; Renner et al., 2012).

A key similarity between winter and breeding seasons is that stand
type consistently shaped bird communities. Contrary to our fourth,
NMDS ordination indicated pronounced turnover of winter birds be-
tween beech- and conifer-dominated stands. This aligns with recent
findings identifying tree functional groups (coniferous vs. deciduous
tree species) as a main driver of bird species composition during winter
(Felgentreff et al., 2026). In our study, Norway spruce monocultures
showed particularly high species compositional variability. This may be
related to differences in canopy structure, as recent local spruce dieback
(Schuldt et al., 2020) may have increased compositional variability by
creating canopy gaps and greater within-stand structural heterogeneity
(Plath and Fischer, 2024; Villén-Pérez et al., 2014), as suggested by the
significantly lower canopy cover in Norway spruce monocultures
compared to that of other stand types.

The less pronounced negative responses observed in pure Douglas fir
stands than expected from breeding-season and previous winter studies
(Gossner and Utschick, 2004; Schuldt et al., 2022) suggest that stands
containing Douglas fir may less consistently affect winter bird commu-
nities than previously assumed. Gossner and Utschick (2004) reported
that bird activity was markedly reduced in Douglas fir stands, linked to
strongly reduced canopy arthropod densities compared with Norway
spruce stands. In our study, the comparatively weak negative response
to Douglas fir monocultures may reflect stand-specific characteristics,
including their younger age and unexpectedly higher number of dead-
wood elements, although these variables did not show a significant as-
sociation with bird activity, diversity, or community composition. One
possible explanation is that winter bird communities may be less tightly
coupled to arthropod availability if many species broaden their diets
when insects are scarce (Diaz-Calafat et al., 2023). Insectivore activity
did not differ among stand types, whereas insectivore richness was lower
in beech-Douglas fir mixtures, suggesting that insectivore activity was
concentrated among fewer species (Biihler et al., 2023). The high
contribution of Regulus sp. detections may partly explain this pattern,
either because the taxon was ecologically dominant or because PAM
efficiently records frequently calling species, even after detections are
aggregated to daily occurrence (Symes et al., 2022). Acoustic activity
should not be interpreted as a direct proxy for abundance, as it is
influenced by species-specific calling behavior, habitat-dependent
detectability, and weather conditions. The limited changes observed
after excluding Regulus sp., the most vocally active taxon, suggested that
the activity days metric was relatively robust to the influence of highly
vocal species. However, it is possible that potential habitat-dependent
differences in detection probability among stand types may not be
fully accounted for.
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Environmental models further indicated associations between winter
bird communities, microclimate, and structural complexity, which are
partly mediated by stand identity. Mean temperature was positively
associated with activity days and with TD and FD at ¢ =1, consistent
with reduced thermoregulatory constraints (Brodin et al., 2017). Verti-
cal structure was positively associated with TD and FD (g =1), sup-
porting the role of vertical structural heterogeneity in promoting bird
diversity via niche partitioning (Davison et al., 2023). In addition, TD
(g =1) was negatively related to canopy cover, contrary to expectations
of buffering effects (Diaz-Calafat et al., 2023), possibly because canopy
cover—lower in Norway spruce stands compared to the other stand
types—reflected stand developmental stage and disturbance history
rather than tree species-specific canopy structure, including recent
spruce dieback (Schuldt et al., 2020) and the relatively young tree age
and high tree densities of Douglas fir monocultures. The negative asso-
ciation between tree neighborhood diversity and all diversity indices
suggests that in winter, more heterospecific tree neighborhoods do not
automatically translate into greater resource and microhabitat
availability.

This study demonstrated the value of PAM, a powerful but still rarely
applied approach for winter bird ecology (Darras et al., 2019; Shaw
et al., 2021), providing standardized, non-invasive, repeatable sampling
under challenging conditions. Future work combining vertically strati-
fied assessment of bird diversity with PAM, in combination with direct
measures of food resources (e.g., seed and arthropod availability) and
microclimate, along the vertical gradient would help disentangle the
proposed mechanisms and clarify when mixtures can buffer the biodi-
versity limitations of non-native plantations.

5. Conclusions

Our study provides winter-season evidence on bird diversity in
Central European production forests, contributing to ongoing debates on
the biodiversity impacts of non-native tree species. While our results do
not support a categorical exclusion of Douglas fir, they indicate that
Douglas fir-associated structural and landscape conditions may reduce
winter bird activity and the diversity of common and dominant species.
Overall, our results show that tree identity, stand type, and landscape
context interact, and that the net biodiversity outcome of mixing de-
pends on how these factors combine. From a management perspective,
maintaining broadleaf components at the landscape scale and vertical
structural complexity at the stand scale appears essential. In addition,
winter communities should be explicitly considered, as breeding-season
patterns alone provide an incomplete basis for predicting the overall
effects of forest management on biodiversity. Our findings also support
current recommendations to limit Douglas fir proportions in mixtures,
although optimal mixture ratios and spatial configurations remain
important questions for future research.

Ethics statement

This study involved non-invasive passive acoustic monitoring only
and did not include the capture, handling, marking, or experimental
manipulation of animals. Field access and permission to conduct the
study were granted by the responsible forest managers and local forestry
authorities at all study sites.

Data availability

Data will be made publicly available upon publication via GRO. data
at https://doi.org/10.25625/Q3AJZZ.

CRediT authorship contribution statement

Sara Piccini: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Validation, Visualization, Writing -

Forest Ecosystems 17 (2026) 100519

original draft, Writing — review & editing. David Singer: Conceptuali-
zation, Investigation, Methodology, Software, Validation, Writing — re-
view & editing. Lea Leister: Data curation, Formal analysis,
Investigation, Methodology, Visualization, Writing — original draft,
Writing — review & editing. Micaela Pineda: Data curation, Investiga-
tion, Writing — review & editing. Alice Penanhoat: Data curation,
Investigation, Methodology, Writing — review & editing. Dominik
Seidel: Conceptualization, Funding acquisition, Methodology, Project
administration, Resources, Supervision, Validation, Writing — review &
editing. Martin M. Gossner: Conceptualization, Methodology, Writing
— review & editing. Andreas Schuldt: Conceptualization, Funding
acquisition, Methodology, Project administration, Resources, Supervi-
sion, Validation, Writing — review & editing.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

Sara Piccini reports financial support was provided by German
Research Foundation. If there are other authors, they declare that they
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Acknowledgements

This study was conducted within the Research Training Group 2300
(RTG 2300), funded by the German Research Foundation (Deutsche
Forschungsgemeinschaft—DFG; No. 316045089/GRK 2300). We thank
Christian Ammer and Serena Miiller for project coordination, the for-
esters of the RTG 2300 sites for collaboration, and Ysaline Perraud for
collecting tree age and mean diameter data.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.fecs.2026.100519.

References

Baeten, L., Bruelheide, H., van der Plas, F., Kambach, S., Ratcliffe, S., Jucker, T.,
Allan, E., Ampoorter, E., Barbaro, L., Bastias, C.C., Bauhus, J., Benavides, R.,
Bonal, D., Bouriaud, O., Bussotti, F., Carnol, M., Castagneyrol, B., Charbonnier, Y.,
Checko, E., Coomes, D.A., Dahlgren, J., Dawud, S.M., de Wandeler, H., Domisch, T.,
Finér, L., Fischer, M., Fotelli, M., Gessler, A., Grossiord, C., Guyot, V.,
Hattenschwiler, S., Jactel, H., Jaroszewicz, B., Joly, F.-X., Koricheva, J.,

Lehtonen, A., Miiller, S., Muys, B., Nguyen, D., Pollastrini, M., Radoglou, K.,
Raulund-Rasmussen, K., Ruiz-Benito, P., Selvi, F., Stenlid, J., Valladares, F.,
Vesterdal, L., Verheyen, K., Wirth, C., Zavala, M.A., Scherer-Lorenzen, M., 2019.
Identifying the tree species compositions that maximize ecosystem functioning in
European forests. J. Appl. Ecol. 56, 733-744. https://doi.org/10.1111/1365-
2664.13308.

Barbe, L., Morel, R., Rantier, Y., Lebas, J.-F., Butet, A., 2018. Bird communities of a
temperate forest: Spatio-temporal partitioning between resident and migratory
species. J. Ornithol. 159, 457-469. https://doi.org/10.1007/s10336-017-1523-y.

Barmann, L., Kaufmann, S., Weimann, S., Hauck, M., 2023. Future forests and
biodiversity: effects of Douglas fir introduction into temperate beech forests on plant
diversity. For. Ecol. Manag. 545, 121286. https://doi.org/10.1016/j.
forec0.2023.121286.

Basile, M., Storch, 1., Mikusinski, G., 2021. Abundance, species richness and diversity of
forest bird assemblages — the relative importance of habitat structures and landscape
context. Ecol. Indic. 133, 108402. https://doi.org/10.1016/j.ecolind.2021.108402.

Bauer, H.-G., Bezzel, E., Fiedler, W., 2005. Das Kompendium der Vogel Mitteleuropas. In:
Alles Uber Biologie, Gefihrdung Und Schutz, 1. Bd.

Biggs, C.R., Yeager, L.A., Bolser, D.G., Bonsell, C., Dichiera, A.M., Hou, Z., Keyser, S.R.,
Khursigara, A.J., Lu, K., Muth, A.F., 2020. Does functional redundancy affect
ecological stability and resilience? A review and meta-analysis. Ecosphere 11,
e03184. https://doi.org/10.1002/ecs2.3184.

BKG, 2023. VG250 — Verwaltungs- und Gemeindeverzeichnis. Bundesamt Fiir
Kartographie Und Geodasie. https://gdz.bkg.bund.de/index.php/default/verwaltu
ngsgebiete-1-250-000-stand-01-01-vg250-01-01.html. (Accessed 16 October 2025).

BMEL, 2024. Vierte Bundeswaldinventur 2022 — vorwort. Bundesministerium fiir
Erndhrung und Landwirtschaft. https://www.bundeswaldinventur.de/fileadmin/Pr
ojekte/2025/Bundeswaldinventur/BWI-2022_Broschuere_bf-neu.pdf. (Accessed 28
November 2025).


https://doi.org/10.25625/Q3AJZZ
https://doi.org/10.1016/j.fecs.2026.100519
https://doi.org/10.1016/j.fecs.2026.100519
https://doi.org/10.1111/1365%2D2664.13308
https://doi.org/10.1111/1365%2D2664.13308
https://doi.org/10.1007/s10336%2D017%2D1523%2Dy
https://doi.org/10.1016/j.foreco.2023.121286
https://doi.org/10.1016/j.foreco.2023.121286
https://doi.org/10.1016/j.ecolind.2021.108402
http://refhub.elsevier.com/S2197-5620(26)00097-7/sref5
http://refhub.elsevier.com/S2197-5620(26)00097-7/sref5
https://doi.org/10.1002/ecs2.3184
https://gdz.bkg.bund.de/index.php/default/verwaltungsgebiete-1-250-000-stand-01-01-vg250-01-01.html
https://gdz.bkg.bund.de/index.php/default/verwaltungsgebiete-1-250-000-stand-01-01-vg250-01-01.html
https://www.bundeswaldinventur.de/fileadmin/Projekte/2025/Bundeswaldinventur/BWI-2022_Broschuere_bf-neu.pdf
https://www.bundeswaldinventur.de/fileadmin/Projekte/2025/Bundeswaldinventur/BWI-2022_Broschuere_bf-neu.pdf

S. Piccini et al.

Bregman, T.P., Lees, A.C., MacGregor, H.E.A., Darski, B., de Moura, N.G., Aleixo, A.,
Barlow, J., Tobias, J.A., 2016. Using avian functional traits to assess the impact of
land-cover change on ecosystem processes linked to resilience in tropical forests.
Proc. R. Soc. A B. 283, 20161289. https://doi.org/10.1098/rspb.2016.1289.

Brodin, A., Nilsson, J.-A., Nord, A., 2017. Adaptive temperature regulation in the little
bird in winter: predictions from a stochastic dynamic programming model.
Oecologia 185, 43-54. https://doi.org/10.1007/s00442-017-3923-3.

Biihler, R., Schalcher, K., Séchaud, R., Michler, S., Apolloni, N., Roulin, A., Almasi, B.,
2023. Influence of prey availability on habitat selection during the non-breeding
period in a resident bird of prey. Mov. Ecol. 11, 14. https://doi.org/10.1186/
540462-023-00376-3.

Burnham, K.P., Anderson, D.R., Huyvaert, K.P., 2011. AIC model selection and
multimodel inference in behavioral ecology: some background, observations, and
comparisons. Behav. Ecol. Sociobiol. 65, 23-35. https://doi.org/10.1007/s00265-
010-1029-6.

Carr, J.M., Lima, S.L., 2014. Wintering birds avoid warm sunshine: predation and the
costs of foraging in sunlight. Oecologia 174, 713-721. https://doi.org/10.1007/
s00442-013-2804-7.

Carrascal, L.M., Villén-Pérez, S., Seoane, J., 2012. Thermal, food and vegetation effects
on winter bird species richness of Mediterranean oakwoods. Ecol. Res. 27, 293-302.
https://doi.org/10.1007/511284-011-0900-x.

Catfolis, B., Vanroy, T., Verheyen, K., Baeten, L., Martel, A., Pasmans, F., Strubbe, D.,
Lens, L., 2023. Avian nutritional condition increases with forest structural
complexity. Ecol. Indic. 154, 110536. https://doi.org/10.1016/j.
ecolind.2023.110536.

Chao, A., Gotelli, N.J., Hsieh, T.C., Sander, E.L., Ma, K.H., Colwell, R.K., Ellison, A.M.,
2014. Rarefaction and extrapolation with Hill numbers: a framework for sampling
and estimation in species diversity studies. Ecol. Monogr. 84, 45-67. https://doi.
org/10.1890/13-0133.1.

Chao, A., Henderson, P.A., Chiu, C.-H., Moyes, F., Hu, K.-H., Dornelas, M., Magurran, A.
E., 2021. Measuring temporal change in alpha diversity: a framework integrating
taxonomic, phylogenetic and functional diversity and the iNEXT.3D standardization.
Methods Ecol. Evol. 12, 1926-1940. https://doi.org/10.1111/2041-210X.13682.

Darras, K., Batdry, P., Furnas, B.J., Grass, 1., Mulyani, Y.A., Tscharntke, T., 2019.
Autonomous sound recording outperforms human observation for sampling birds: a
systematic map and user guide. Ecol. Appl. 29, e01954. https://doi.org/10.1002/
eap.1954.

Davison, C.W., Assmann, J.J., Normand, S., Rahbek, C., Morueta-Holme, N., 2023.
Vegetation structure from LiDAR explains the local richness of birds across Denmark.
J. Anim. Ecol. 92, 1332-1344. https://doi.org/10.1111/1365-2656.13945.

del Delgado, M., Penteriani, V., 2004. Gender determination of Eurasian Eagle-Owls
(Bubo bubo) by morphology. J. Raptor Res. 38, 13. https://digitalcommons.usf.ed
u/jrr/vol38/iss4/13.

Diaz-Calafat, J., Uria-Diez, J., Brunet, J., De Frenne, P., Vangansbeke, P., Felton, A.,
Ockinger, E., Cousins, S.A.O., Bauhus, J., Ponette, Q., Hedwall, P.-O., 2023. From
broadleaves to conifers: the effect of tree composition and density on understory
microclimate across latitudes. Agric. For. Meteorol. 341, 109684. https://doi.org/
10.1016/j.agrformet.2023.109684.

Dormann, C.F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, G., Marquéz, J.R.G.,
Gruber, B., Lafourcade, B., Leitao, P.J., Miinkemidiller, T., McClean, C., Osborne, P.E.,
Reineking, B., Schroder, B., Skidmore, A.K., Zurell, D., Lautenbach, S., 2013.
Collinearity: a review of methods to deal with it and a simulation study evaluating
their performance. Ecography 36, 27-46. https://doi.org/10.1111/j.1600-
0587.2012.07348.x.

Felgentreff, E.S., Singer, D., Bernhardt-Romermann, M., 2026. Forest type consistently
shapes bird communities across seasons: insights from passive acoustic monitoring.
For. Ecol. Manag. 609, 123617. https://doi.org/10.1016/j.foreco.2026.123617.

Felton, A., Hedwall, P.-O., Trubins, R., Lagerstedt, J., Felton, A., Lindbladh, M., 2021.
From mixtures to monocultures: bird assemblage responses along a production forest
conifer-broadleaf gradient. For. Ecol. Manag. 494, 119299. https://doi.org/
10.1016/j.foreco.2021.119299.

Finch, O.-D., Szumelda, A., 2007. Introduction of Douglas fir (Pseudotsuga menziesii
(Mirb.) Franco) into Western Europe: epigaeic arthropods in intermediate-aged pure
stands in northwestern Germany. For. Ecol. Manag. 242, 260-272. https://doi.org/
10.1016/j.foreco.2007.01.039.

Fox, J., Weisberg, S., 2019. An R Companion to Applied Regression, third ed. Sage,
Thousand Oaks, CA https://www.john-fox.ca/Companion/. (Accessed 28 November
2025).

FSC Deutschland — Verein fiir verantwortungsvolle Waldwirtschaft e.V, 2025. FSC im
Wald. https://www.fsc-deutschland.de/wp-content/uploads/FSC-im-Wald_08-2025.
pdf. (Accessed 24 November 2025).

German Weather Service, 2025. Weather and Climate. https://www.dwd.de/DE/Home/
home_node.html. (Accessed 25 August 2025).

Gossner, M., Utschick, H., 2004. Douglas fir stands deprive wintering bird species of food
resource. NeoBiota 3, 105-122. https://www.researchgate.net/profile/Martin-Gossn
er/publication/284489856_Douglas_fir_stands_deprive_wintering _bird_species_of f
ood_resource/links/565e092d08ae1ef92983a183/Douglas-fir-stands-deprive-wint
ering-bird-species-of-food-resource.pdf. (Accessed 28 November 2025).

Gotelli, N.J., Rohde, K., 2002. Co-occurrence of ectoparasites of marine fishes: a null
model analysis. Ecol. Lett. 5, 86-94. https://doi.org/10.1046/j.1461-
0248.2002.00288.x.

Gower, J.C., 1971. A general coefficient of similarity and some of its properties.
Biometrics 27, 857-871. https://doi.org/10.2307/2528823.

Graf, M., Achury, R., Lanzrein, I., Wenglein, R., Annighofer, P., Scheu, S., Weisser, W.W.,
2025. The effect of Douglas-fir on biodiversity in European forests — what do we

Forest Ecosystems 17 (2026) 100519

know and what do we not know? For. Ecosyst. 13, 100319. https://doi.org/
10.1016/j.fecs.2025.100319.

Gustafsson, L., Bauhus, J., Asbeck, T., Augustynczik, A.L.D., Basile, M., Frey, J.,
Gutzat, F., Hanewinkel, M., Helbach, J., Jonker, M., Knuff, A., Messier, C., Penner, J.,
Pyttel, P., Reif, A., Storch, F., Winiger, N., Winkel, G., Yousefpour, R., Storch, I,
2020. Retention as an integrated biodiversity conservation approach for continuous-
cover forestry in Europe. Ambio 49, 85-97. https://doi.org/10.1007/s13280-019-
01190-1.

Hald-Mortensen, C., 2023. The main drivers of biodiversity loss: a brief overview. J. Ecol.
Nat. Resour. 7, 346. https://doi.org/10.23880/jenr-16000346.

Hanzelka, J., Reif, J., 2016. Effects of vegetation structure on the diversity of breeding
bird communities in forest stands of non-native black pine (Pinus nigra A.) and black
locust (Robinia pseudoacacia L.) in the Czech Republic. For. Ecol. Manag. 379,
102-113. https://doi.org/10.1016/j.foreco.2016.08.017.

Hardy, O.J., 2008. Testing the spatial phylogenetic structure of local communities:
statistical performances of different null models and test statistics on a locally
neutral community. J. Ecol. 96, 914-926. https://doi.org/10.1111/7.1365-
2745.2008.01421.x.

Hill, A.P., Prince, P., Pina Covarrubias, E., Doncaster, C.P., Snaddon, J.L., Rogers, A.,
2018. AudioMoth: evaluation of a smart open acoustic device for monitoring
biodiversity and the environment. Methods Ecol. Evol. 9, 1199-1211. https://doi.
org/10.1111/2041-210X.12955.

Hill, M.O., 1973. Diversity and evenness: a unifying notation and its consequences.
Ecology 54, 427-432. https://doi.org/10.2307/1934352.

Hothorn, T., Bretz, F., Westfall, P., 2008. Simultaneous inference in general parametric
models. Biom. J. 50, 346-363. https://doi.org/10.1002/bimj.200810425.

Ingle, K., Kaur, H., Gallé-Szpisjak, N., Biirgés, J., Szabd, A., Gallé, R., 2020. Winter-active
spider fauna is affected by plantation forest type. Environ. Entomol. 49, 601-606.
https://doi.org/10.1093/ee/nvaa025.

Kahl, S., Wood, C.M., Eibl, M., Klinck, H., 2021. BirdNET: a deep learning solution for
avian diversity monitoring. Ecol. Inform. 61, 101236. https://doi.org/10.1016/j.
ecoinf.2021.101236.

Kawamura, K., Yamaura, Y., Senzaki, M., Ueta, M., Nakamura, F., 2019. Seasonality in
spatial distribution: climate and land use have contrasting effects on the species
richness of breeding and wintering birds. Ecol. Evol. 9, 7549-7561. https://doi.org/
10.1002/ece3.5286.

Knight, E.C., van Wilgenburg, S.L., Iles, D., Edwards, B., Yip, D.A., Rhinehart, T.A.,
Lapp, S., Kitzes, J., Bayne, E.M., 2025. Insights into detection probability of forest
bird surveys from comparison of in-person and passive acoustic monitoring point
counts. Ornithol. Appl. 128, 1-17. https://doi.org/10.1093/ornithapp/duaf082.

Kovdcs, B., Tinya, F., Odor, P., 2017. Stand structural drivers of microclimate in mature
temperate mixed forests. Agric. For. Meteorol. 234-235, 11-21. https://doi.org/
10.1016/j.agrformet.2016.11.268.

Landesforsten Rheinland-Pfalz, 2024. Unser Wald in Rheinland-Pfalz: Ergebnisse der
vierten Bundeswaldinventur (BWI4). https://www.wald.rlp.de/fileadmin/website/d
ownloads/1wald/BWI4 small 16_1barrierefrei.pdf. (Accessed 28 November 2025).

Leidinger, J., Blaschke, M., Ehrhardt, M., Fischer, A., Gossner, M.M., Jung, K.,
Kienlein, S., Kézak, J., Michler, B., Mosandl, R., Seibold, S., Wehner, K., Weisser, W.
W., 2021. Shifting tree species composition affects biodiversity of multiple taxa in
Central European forests. For. Ecol. Manag. 498, 119552. https://doi.org/10.1016/j.
forec0.2021.119552.

Lenz, J., Bohning-Gaese, K., Fiedler, W., Mueller, T., 2015. Nomadism and seasonal range
expansion in a large frugivorous bird. Ecography 38, 54-62. https://doi.org/
10.1111/ecog.00522.

LGLN, 2023. DTK25. Landesamt fiir Geoinformation und Landesvermessung
Niedersachsen. https://Igln-geodaten.niedersachsen.de/startseite. (Accessed 16
October 2025).

Lof, M., Sandell Festin, E., Szydto, M., Brunet, J., 2023. Restoring mixed forests through
conversion of Norway spruce stands: effects of fencing and mechanical site
preparation on performance of planted beech and natural tree regeneration. Eur. J.
For. Res. 142, 763-772. https://doi.org/10.1007/s10342-023-01554-z.

Martinez Arbizu, P., 2020. pairwiseAdonis: pairwise multilevel comparison using adonis
(R package version 0.4). https://github.com/pmartinezarbizu/pairwiseAdonis.
(Accessed 16 October 2025).

Messier, C., Bauhus, J., Sousa-Silva, R., Auge, H., Baeten, L., Barsoum, N., Bruelheide, H.,
Caldwell, B., Cavender-Bares, J., Dhiedt, E., Eisenhauer, N., Ganade, G., Gravel, D.,
Guillemot, J., Hall, J.S., Hector, A., Hérault, B., Jactel, H., Koricheva, J., Kreft, H.,
Mereu, S., Muys, B., Nock, C.A., Paquette, A., Parker, J.D., Perring, M.P., Ponette, Q.,
Potvin, C., Reich, P.B., Scherer-Lorenzen, M., Schnabel, F., Verheyen, K., Weih, M.,
Wollni, M., Zemp, D.C., 2022. For the sake of resilience and multifunctionality, let’s
diversify planted forests. Conserv. Lett. 15, e12829. https://doi.org/10.1111/
conl.12829.

Michielsen, R.J., Zmihorski, M., Part, T., Walesiak, M., Mikusinski, G., 2024. Seasonal
patterns of habitat use of resident birds in Biatowieza Forest and its links to post-
disturbance management. For. Ecol. Manag. 554, 121669. https://doi.org/10.1016/
j.foreco.2023.121669.

Nicolescu, V.-N., Mason, W.L., Bastien, J.-C., Vor, T., Petkova, K., Podrazsky, V.,
bodan, M., Peri¢, S., la Porta, N., Brus, R., 2023. Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco) in Europe: an overview of management practices. J. For. Res. 34,
871-888. https://doi.org/10.1007/s11676-023-01615-4.

NLWKN, 2024. Nationalparks and Naturparks. Niederséachsischer Landesbetrieb fiir
Wasserwirtschaft, Kiisten- und Naturschutz. https://www.nlwkn.niedersachsen.de
/jb24/zahlen-aus-wasserwirtschaft-und-naturschutz-2024-240236.html. (Accessed
16 October 2025).

Oksanen, J., Simpson, G.L., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R.,
O'Hara, R.B., Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner, H., Barbour, M.,


https://doi.org/10.1098/rspb.2016.1289
https://doi.org/10.1007/s00442%2D017%2D3923%2D3
https://doi.org/10.1186/s40462%2D023%2D00376%2D3
https://doi.org/10.1186/s40462%2D023%2D00376%2D3
https://doi.org/10.1007/s00265%2D010%2D1029%2D6
https://doi.org/10.1007/s00265%2D010%2D1029%2D6
https://doi.org/10.1007/s00442%2D013%2D2804%2D7
https://doi.org/10.1007/s00442%2D013%2D2804%2D7
https://doi.org/10.1007/s11284%2D011%2D0900%2Dx
https://doi.org/10.1016/j.ecolind.2023.110536
https://doi.org/10.1016/j.ecolind.2023.110536
https://doi.org/10.1890/13%2D0133.1
https://doi.org/10.1890/13%2D0133.1
https://doi.org/10.1111/2041%2D210X.13682
https://doi.org/10.1002/eap.1954
https://doi.org/10.1002/eap.1954
https://doi.org/10.1111/1365%2D2656.13945
https://digitalcommons.usf.edu/jrr/vol38/iss4/13
https://digitalcommons.usf.edu/jrr/vol38/iss4/13
https://doi.org/10.1016/j.agrformet.2023.109684
https://doi.org/10.1016/j.agrformet.2023.109684
https://doi.org/10.1111/j.1600%2D0587.2012.07348.x
https://doi.org/10.1111/j.1600%2D0587.2012.07348.x
https://doi.org/10.1016/j.foreco.2026.123617
https://doi.org/10.1016/j.foreco.2021.119299
https://doi.org/10.1016/j.foreco.2021.119299
https://doi.org/10.1016/j.foreco.2007.01.039
https://doi.org/10.1016/j.foreco.2007.01.039
https://www.john-fox.ca/Companion/
https://www.fsc-deutschland.de/wp-content/uploads/FSC-im-Wald_08-2025.pdf
https://www.fsc-deutschland.de/wp-content/uploads/FSC-im-Wald_08-2025.pdf
https://www.dwd.de/DE/Home/home_node.html
https://www.dwd.de/DE/Home/home_node.html
https://www.researchgate.net/profile/Martin-Gossner/publication/284489856_Douglas_fir_stands_deprive_wintering_bird_species_of_food_resource/links/565e092d08ae1ef92983a183/Douglas-fir-stands-deprive-wintering-bird-species-of-food-resource.pdf
https://www.researchgate.net/profile/Martin-Gossner/publication/284489856_Douglas_fir_stands_deprive_wintering_bird_species_of_food_resource/links/565e092d08ae1ef92983a183/Douglas-fir-stands-deprive-wintering-bird-species-of-food-resource.pdf
https://www.researchgate.net/profile/Martin-Gossner/publication/284489856_Douglas_fir_stands_deprive_wintering_bird_species_of_food_resource/links/565e092d08ae1ef92983a183/Douglas-fir-stands-deprive-wintering-bird-species-of-food-resource.pdf
https://www.researchgate.net/profile/Martin-Gossner/publication/284489856_Douglas_fir_stands_deprive_wintering_bird_species_of_food_resource/links/565e092d08ae1ef92983a183/Douglas-fir-stands-deprive-wintering-bird-species-of-food-resource.pdf
https://doi.org/10.1046/j.1461%2D0248.2002.00288.x
https://doi.org/10.1046/j.1461%2D0248.2002.00288.x
https://doi.org/10.2307/2528823
https://doi.org/10.1016/j.fecs.2025.100319
https://doi.org/10.1016/j.fecs.2025.100319
https://doi.org/10.1007/s13280%2D019%2D01190%2D1
https://doi.org/10.1007/s13280%2D019%2D01190%2D1
https://doi.org/10.23880/jenr%2D16000346
https://doi.org/10.1016/j.foreco.2016.08.017
https://doi.org/10.1111/j.1365%2D2745.2008.01421.x
https://doi.org/10.1111/j.1365%2D2745.2008.01421.x
https://doi.org/10.1111/2041%2D210X.12955
https://doi.org/10.1111/2041%2D210X.12955
https://doi.org/10.2307/1934352
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1093/ee/nvaa025
https://doi.org/10.1016/j.ecoinf.2021.101236
https://doi.org/10.1016/j.ecoinf.2021.101236
https://doi.org/10.1002/ece3.5286
https://doi.org/10.1002/ece3.5286
https://doi.org/10.1093/ornithapp/duaf082
https://doi.org/10.1016/j.agrformet.2016.11.268
https://doi.org/10.1016/j.agrformet.2016.11.268
https://www.wald.rlp.de/fileadmin/website/downloads/1wald/BWI4_small_16_1barrierefrei.pdf
https://www.wald.rlp.de/fileadmin/website/downloads/1wald/BWI4_small_16_1barrierefrei.pdf
https://doi.org/10.1016/j.foreco.2021.119552
https://doi.org/10.1016/j.foreco.2021.119552
https://doi.org/10.1111/ecog.00522
https://doi.org/10.1111/ecog.00522
https://lgln-geodaten.niedersachsen.de/startseite
https://doi.org/10.1007/s10342%2D023%2D01554%2Dz
https://github.com/pmartinezarbizu/pairwiseAdonis
https://doi.org/10.1111/conl.12829
https://doi.org/10.1111/conl.12829
https://doi.org/10.1016/j.foreco.2023.121669
https://doi.org/10.1016/j.foreco.2023.121669
https://doi.org/10.1007/s11676%2D023%2D01615%2D4
https://www.nlwkn.niedersachsen.de/jb24/zahlen-aus-wasserwirtschaft-und-naturschutz-2024-240236.html
https://www.nlwkn.niedersachsen.de/jb24/zahlen-aus-wasserwirtschaft-und-naturschutz-2024-240236.html

S. Piccini et al.

Bedward, M., Bolker, B., Borcard, D., Borman, T., Carvalho, G., Chirico, M., de
Caceres, M., Durand, S., Evangelista, H.B.A., FitzJohn, R., Friendly, M., Furneaux, B.,
Hannigan, G., Hill, M.O., Lahti, L., Martino, C., McGlinn, D., Ouellette, M.-H.,
Ribeiro Cunha, E., Smith, T., Stier, A., ter Braak, C.J.F., Weedon, J., 2025. Vegan:
community ecology package. Version 2.7-1. https://cran.r-project.org/web/packag
es/vegan/index.html. (Accessed 16 October 2025).

Pedley, S.M., Barbaro, L., Guilherme, J.L., Irwin, S., O'Halloran, J., Proenca, V.,
Sullivan, M.J.P., 2019. Functional shifts in bird communities from semi-natural oak
forests to conifer plantations are not consistent across Europe. PLoS One 14,
€0220155. https://doi.org/10.1371/journal.pone.0220155.

PEFC Hessen, 2025. Regionaler Waldbericht Hessen 2025 — entwurf Stand 23.07.2025.
Friedrichsdorf 1-169. https://www.pefc.de/media/filer_public/db/3d/db3d1bc2-d9
11-4fe9-a93c-c291ef12215f/20250728_waldbericht_hessen_entwurf juli 2025.pdf.
(Accessed 28 November 2025).

Pérez-Granados, C., Funosas, D., Morant, J., Marin Gomez, O.H., Mendoza, 1., Mohedano-
Munoz, M.A., Santamaria, E., Bastianelli, G., Marquez-Rodriguez, A., Budka, M.,
Bota, G., De la Pena-Rubio, J.M., Garcia De La Morena, E., Santa-Cruz, M., De la
Nava, P., Fernandez-Tiz6n, M., Sanchez-Mateos, H., Barrero, A., Traba, J.,

Osiejuk, T.S., Hart, P.J., Navine, A.K., Montoya Munoz, A.F., De Aratjo, C.B.,
Rosa, G.L.M., Torres, .M.D., Catalano, A.L.C., Simoes, C.R., Llusia, D., Morales, M.B.,
Acebes, P., Medina, J.A., Brown, N., Astaras, C., Karmiris, 1., Navarrete, E.,
Cauchoix, M., Barbaro, L., Arend, D., Miieller, S., Gonzélez-Garcia, F., Gonzalez-
Romero, A., Mammides, C., Pontikis, M., Jacuzzi, G., Olden, J.D., Bombaci, S.P.,
Marcacci, G., Jacot, A., Zurano, J.P., Gangenova, E., Varela, D., Di Sallo, F.,
Zurita, G.A., Atemasov, A., Tremblay, J.A., Hutschenreiter, A., Monroy-Ojeda, A.,
Diaz-Vallejo, M., Chaparro-Herrera, S., Briers, R.A., Sousa-Lima, R., Pinheiro, T., Da
Silva, W.C., Calvente, A., Dal Molin, A., Antonelli, A., Gogoleva, S., Palko, I,
Trong, H.V., Duarte, M.H.L., Saturnino, N.D.S., Silva, S.R., Rainho, A., Lopes, P.,
Schuchmann, K.-L., Marques, M.L., De Oliverira Tissiani, A.S., Littlewood, N.A.,
Tuanmu, M.-N., Cheng, Y.-R., Chao, H., Kepfer-Rojas, S., Aguilera, A.L., Brotons, L.,
Feldman, M.J., Imbeau, L., Panwar, P., Weed, A.S., Dehwal, A., Attisano, A.,
Theuerkauf, J., Oliveira-Jinior, D.D., 2025. Optimisation of passive acoustic bird
surveys: a global assessment of BirdNET settings. Ibis 168 (2), 785-798. https://doi.
org/10.1111/ibi.70013.

Petchey, O.L., Gaston, K.J., 2006. Functional diversity: back to basics and looking
forward. Ecol. Lett. 9, 741-758. https://doi.org/10.1111/j.1461-0248.2006.00924.
X.

Pinheiro, J., Bates, D., R Core Team, 2025. Nlme: Linear and Nonlinear Mixed Effects
Models. https://doi.org/10.32614/CRAN.package.nlme, Version 3.1-169.

Plath, E., Fischer, K., 2024. Spruce dieback as chance for biodiversity: standing
deadwood promotes beetle diversity in post-disturbance stands in western Germany.
J. Insect Conserv. 28, 525-537. https://doi.org/10.1007/s10841-024-00571-6.

R Core Team, 2023. R: a Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.
(Accessed 16 October 2025).

Ralph, C.J., Droege, S., Sauer, J.R., 1995. Managing and Monitoring Birds Using Point
Counts: Standards and Applications, Gen Tech Rep PSW-GTR-149. USDA Forest
Service, pp. 161-169. https://www.fs.usda.gov/psw/publications/documents/psw
_gtr149/psw_gtr149 pgl61_168.pdf. (Accessed 16 October 2025).

Renner, S.C., Baur, S., Possler, A., Winkler, J., Kalko, E.K.V., Bates, P.J.J., Mello, M.A.R.,
2012. Food preferences of winter bird communities in different forest types. PLoS
One 7, e53121. https://doi.org/10.1371/journal.pone.0053121.

Renner, S.C., van Hoesel, W., 2017. Ecological and functional traits in 99 bird species
over a large-scale gradient in Germany. Data 2, 12. https://doi.org/10.3390/
data2020012.

Robb, G.N., McDonald, R.A., Chamberlain, D.E., Reynolds, S.J., Harrison, T.J.,
Bearhop, S., 2008. Winter feeding of birds increases productivity in the subsequent
breeding season. Biol. Lett. 4, 220-223. https://doi.org/10.1098/1rsbl.2007.0622.

Schenker, N., Gentleman, J.F., 2001. On judging the significance of differences by
examining the overlap between confidence intervals. Am. Stat. 55, 182-186. https://
doi.org/10.1198/000313001317097960.

Schubert, P., 1997. Ein Sperlingskauz (Glaucidium Passerinum) in Der Beelitzer Heide.
Otis — Zeitschrift Fiir Ornithologie Und Avifaunistik in Brandenburg Und Berlin.
https://www.zobodat.at/pdf/Otis_5_0130-0132.pdf. (Accessed 16 October 2025).

Schuldt, A., Huke, P., Glatthorn, J., Hagge, J., Wildermuth, B., Matevski, D., 2022. Tree
mixtures mediate negative effects of introduced tree species on bird taxonomic and

11

Forest Ecosystems 17 (2026) 100519

functional diversity. J. Appl. Ecol. 59, 3049-3060. https://doi.org/10.1111/1365-
2664.14300.

Schuldt, B., Buras, A., Arend, M., Vitasse, Y., Beierkuhnlein, C., Damm, A., Gharun, M.,
Grams, T.E., Hauck, M., Hajek, P., 2020. A first assessment of the impact of the
extreme 2018 summer drought on Central European forests. Basic Appl. Ecol. 45,
86-103. https://doi.org/10.1016/j.baae.2020.04.003.

Shaw, T., Hedes, R., Sandstrom, A., Ruete, A., Hiron, M., Hedblom, M., Eggers, S.,
Mikusinski, G., 2021. Hybrid bioacoustic and ecoacoustic analyses provide new links
between bird assemblages and habitat quality in a winter boreal forest. Environ.
Sustain. Indic. 11, 100141. https://doi.org/10.1016/j.indic.2021.100141.

Shaw, T., Scherer-Lorenzen, M., Miiller, S., 2024. Forest structural heterogeneity
positively affects bird richness and acoustic diversity in a temperate, central
European forest. Front. Ecol. Evol. 12, 1387879. https://doi.org/10.3389/
fevo.2024.1387879.

Singer, D., Hagge, J., Kamp, J., Hondong, H., Schuldt, A., 2024. Aggregated time-series
features boost species-specific differentiation of true and false positives in passive
acoustic monitoring of bird assemblages. Remote Sens. Ecol. Conserv. 10, 517-530.
https://doi.org/10.1002/rse2.385.

Singer, D., Kamp, J., Hondong, H., Schuldt, A., Hagge, J., 2026. Diel and seasonal vocal
activity patterns revealed by passive acoustic monitoring suggest expert
recommendations for breeding bird surveys need adjustment. J. Ornithol. 167,
165-180. https://doi.org/10.1007/510336-025-02307-y.

Socolar, J.B., Gilroy, J.J., Kunin, W.E., Edwards, D.P., 2016. How should beta-diversity
inform biodiversity conservation? Trends Ecol. Evol. 31, 67-80. https://doi.org/
10.1016/j.tree.2015.11.005.

Sullivan, B.L., Wood, C.L., 1liff, M.J., Bonney, R.E., Fink, D., Kelling, S., 2009. eBird: a
citizen-based bird observation network in the biological sciences. Biol. Conserv. 142,
2282-2292. https://doi.org/10.1016/j.biocon.2009.05.006.

Symes, L.B., Kittelberger, K.D., Stone, S.M., Holmes, R.T., Jones, J.S., Castaneda
Ruvalcaba, I.P., Webster, M.S., Ayres, M.P., 2022. Analytical approaches for
evaluating passive acoustic monitoring data: a case study of avian vocalizations.
Ecol. Evol. 12, e8797. https://doi.org/10.1002/ece3.8797.

Tallamy, D.W., Narango, D.L., Mitchell, A.B., 2021. Do non-native plants contribute to
insect declines? Ecol. Entomol. 46, 729-742. https://doi.org/10.1111/een.12973.

Temperli, C., Bugmann, H., Elkin, C., 2012. Adaptive management for competing forest
goods and services under climate change. Ecol. Appl. 22, 2065-2077. https://doi.
org/10.1890/12-0210.1.

Thomas, F.M., Rzepecki, A., Werner, W., 2022. Non-native Douglas fir (Pseudotsuga
mengziesii) in Central Europe: ecology, performance and nature conservation. For.
Ecol. Manag. 506, 119956. https://doi.org/10.1016/j.foreco.2021.119956.

Thurm, E.A., Pretzsch, H., 2016. Improved productivity and modified tree morphology of
mixed versus pure stands of European beech (Fagus sylvatica) and Douglas-fir
(Pseudotsuga menziesii) with increasing precipitation and age. Ann. For. Sci. 73,
1047-1061. https://doi.org/10.1007/513595-016-0588-8.

Vélova, L., Véle, A., Hordk, J., 2021. Land use diversity and prey availability structure
the bird communities in Norway spruce plantation forests. For. Ecol. Manag. 480,
118657. https://doi.org/10.1016/j.foreco.2020.118657.

Villén-Pérez, S., Carrascal, L.M., Gordo, O., 2014. Wintering forest birds roost in areas of
higher sun radiation. Eur. J. Wildl. Res. 60, 59-67. https://doi.org/10.1007 /s10344-
013-0750-7.

Wildermuth, B., Seifert, C.L., Husemann, M., Schuldt, A., 2023. Metabarcoding reveals
that mixed forests mitigate negative effects of non-native trees on canopy arthropod
diversity. Ecol. Appl. 33, e2921. https://doi.org/10.1002/eap.2921.

Wilman, H., Belmaker, J., Simpson, J., de la Rosa, C., Rivadeneira, M.M., Jetz, W., 2014.
EltonTraits 1.0: species-level foraging attributes of the world’s birds and mammals:
ecological Archives E095-178. Ecology 95, 2027. https://doi.org/10.1890/13-
1917.1, 2027.

Wood, C.M., Kahl, S., 2024. Guidelines for appropriate use of BirdNET scores and other
detector outputs. J. Ornithol. 165, 777-782. https://doi.org/10.1007/s10336-024-
02144-5.

Yabuhara, Y., Yamaura, Y., Akasaka, T., Yamanaka, S., Nakamura, F., 2019. Seasonal
variation in patch and landscape effects on forest bird communities in a lowland
fragmented landscape. For. Ecol. Manag. 454, 117140. https://doi.org/10.1016/j.
forec0.2019.01.030.


https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
https://doi.org/10.1371/journal.pone.0220155
https://www.pefc.de/media/filer_public/db/3d/db3d1bc2-d911-4fe9-a93c-c291ef12215f/20250728_waldbericht_hessen_entwurf_juli_2025.pdf
https://www.pefc.de/media/filer_public/db/3d/db3d1bc2-d911-4fe9-a93c-c291ef12215f/20250728_waldbericht_hessen_entwurf_juli_2025.pdf
https://doi.org/10.1111/ibi.70013
https://doi.org/10.1111/ibi.70013
https://doi.org/10.1111/j.1461%2D0248.2006.00924.x
https://doi.org/10.1111/j.1461%2D0248.2006.00924.x
https://doi.org/10.32614/CRAN.package.nlme
https://doi.org/10.1007/s10841%2D024%2D00571%2D6
https://www.R-project.org/
https://www.fs.usda.gov/psw/publications/documents/psw_gtr149/psw_gtr149_pg161_168.pdf
https://www.fs.usda.gov/psw/publications/documents/psw_gtr149/psw_gtr149_pg161_168.pdf
https://doi.org/10.1371/journal.pone.0053121
https://doi.org/10.3390/data2020012
https://doi.org/10.3390/data2020012
https://doi.org/10.1098/rsbl.2007.0622
https://doi.org/10.1198/000313001317097960
https://doi.org/10.1198/000313001317097960
https://www.zobodat.at/pdf/Otis_5_0130-0132.pdf
https://www.zobodat.at/pdf/Otis_5_0130-0132.pdf
https://doi.org/10.1111/1365%2D2664.14300
https://doi.org/10.1111/1365%2D2664.14300
https://doi.org/10.1016/j.baae.2020.04.003
https://doi.org/10.1016/j.indic.2021.100141
https://doi.org/10.3389/fevo.2024.1387879
https://doi.org/10.3389/fevo.2024.1387879
https://doi.org/10.1002/rse2.385
https://doi.org/10.1007/s10336%2D025%2D02307%2Dy
https://doi.org/10.1016/j.tree.2015.11.005
https://doi.org/10.1016/j.tree.2015.11.005
https://doi.org/10.1016/j.biocon.2009.05.006
https://doi.org/10.1002/ece3.8797
https://doi.org/10.1111/een.12973
https://doi.org/10.1890/12%2D0210.1
https://doi.org/10.1890/12%2D0210.1
https://doi.org/10.1016/j.foreco.2021.119956
https://doi.org/10.1007/s13595%2D016%2D0588%2D8
https://doi.org/10.1016/j.foreco.2020.118657
https://doi.org/10.1007/s10344%2D013%2D0750%2D7
https://doi.org/10.1007/s10344%2D013%2D0750%2D7
https://doi.org/10.1002/eap.2921
https://doi.org/10.1890/13%2D1917.1
https://doi.org/10.1890/13%2D1917.1
https://doi.org/10.1007/s10336%2D024%2D02144%2D5
https://doi.org/10.1007/s10336%2D024%2D02144%2D5
https://doi.org/10.1016/j.foreco.2019.01.030
https://doi.org/10.1016/j.foreco.2019.01.030

	Mixing non-native Douglas fir with native tree species is not enough to avoid negative impacts on overwintering birds
	1. Introduction
	2. Materials and methods
	2.1. Study design and study area
	2.2. Bird survey and data processing
	2.3. Functional traits
	2.4. Environmental variables
	2.5. Statistical analysis

	3. Results
	3.1. Bird activity and diversity at plot scale
	3.2. Effects of forest structure and environment on bird activity and diversity
	3.3. Bird diversity at landscape scale
	3.4. Community composition

	4. Discussion
	5. Conclusions
	Ethics statement
	Data availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


